ABSTRACT: The structure of the B-L MSSM theory-specifically, the relevant mass scales and soft supersymmetric breaking parameters-is discussed. The space of initial soft parameters is explored at the high scale using random statistical sampling subject to a constraint on the range of dimensionful parameters. For every chosen initial point, the complete set of renormalization group equations is solved. The low energy results are then constrained to be consistent with present experimental data.
to act as the dark matter of the universe [21] [22] [23] . In addition, several phenomenological studies of this theory have been conducted; including a study of the neutrino sector [7, [24] [25] [26] and a collider study of LSP neutralinos [26, 27] .
These results make it clear that the B-L MSSM leads to explicit predictions for the LHC-such as exotic decay signatures which can impact the search for low-energy supersymmetry-as well as for neutrino experiments. These predictions, however, are dependent on the initial values of the soft supersymmetry breaking parameters-which span a large multi-dimensional space. A full analysis of the B-L MSSM theory depends, therefore, on computing the low-energy phenomenological consequences associated with each set of initial parameters-rejecting those that violate any of the present experimental constraints and analyzing the predictions of the rest. An exhaustive study of the the initial parameter space, the full set of renormalization group equations (RGEs)-including threshold effects-and their analytic and numerical solutions, an analysis of the radiative breaking of both U (1) B−L and electroweak gauge symmetry, as well as subjecting the low energy parameters to experimental constraints-such as the lower bounds on various sparticles and the ∼ 125 Gev
Higgs mass-will be given in [28] . In this paper, we simply present an important subset of those results which highlight the main physical conclusions.
The B-L MSSM spectrum is that of the MSSM with the addition of three right-handed neutrino chiral supermultiplets, one per family. As motivated above, the gauge group of the theory is SU (3) C × SU (2) L × U (1) Y × U (1) B−L . However, as discussed in detail in [18] , it is equivalent and convenient to choose the gauge group to be
where U (1) 3R is the canonical Abelian subgroup of SU (2) R . It was shown in [18] that there is no kinetic mixing between the field strengths of U (1) 3R and U (1) B−L at any momentum scale, and that this is the unique basis with this property. This vastly simplifies the solution of the RGEs and, hence, we will use gauge group (1) in our analysis. The associated gauge couplings are denoted g 3 , g 2 , g R and g B−L respectively. The matter content and gauge group charges are given by three copies of
while the Higgs sector is
v R respectively. These are given by
with tan β =
where it is convenient to define g BL = 2g B−L . We will identify the scale of electroweak symmetry breaking to be the mass of the Z boson,
v 2 , and constrain it to its experimental value of
Similarly, we will identify the B-L breaking scale to be the mass of the Z R boson, M 2
, and constrain it to be above its experimental lower bound of [29, 30] 
Another important low energy scale, although it is not associated with the spontaneous breakdown of a symmetry, is the mass, M SU SY , at which the supersymmetric particles approximately decouple from the betaand gamma-functions of the RGEs. It is conventional to define this as the geometric mean of the physical stop scalar masses-since their contribution to the RGE functions is proportional to the largest Yukawa parameter Y t ∼ 1. The physical stop masses are given by the eigenvalues of the left-and right-stop mass matrix
where the top quark mass
Yt are real,
and θ W is the weak mixing angle. The eigenstates of this matrix will be referred to ast 1 andt 2 with mass eigenvalues defined such that mt
. Following convention, we choose
We do not constrain M SU SY other than to demand it be larger than the electroweak scale (9) . It is important to note that M SU SY can be smaller than, equal to or larger than the B-L breaking scale M Z R in (10).
At very high energy, the spectrum and gauge group of the B-L MSSM is such that it can unify into an SO(10) GUT. More specifically, it was shown in a series of papers [12] [13] [14] that the B-L MSSM can arise within the context of heterotic M-theory [31, 32] compactified on a Shoen Calabi-Yau threefold with Z 3 × Z 3 isometry supporting an equivariant SU (4) holomorphic vector bundle. This leads to an SO (10) GUT just below the compactification scale. We will denote the scale of unification as M U . This unified theory is then spontaneously broken by each of two Z 3 Wilson lines. As discussed in [18] , the scale of these
Wilson lines need not be identical. It is natural to associate the larger of the Wilson line scales with M U .
The lower Wilson line scale will be specified by M I . Between M U and M I there is an intermediate regime which, depending on the order in which the Wilson lines turn on, is either an
In each case, the exact spectrum in the intermediate regime can be computed from string theory. In the analysis in [28] and in this paper, for specificity, we arbitrarily choose the "left-right" model. A similar analysis can be carried out for the "Pati-Salam"-like model. However, it was shown in [18] that this choice does not significantly influence the results. Finally, below M I the intermediate theory is spontaneously broken to precisely the B-L MSSM with the gauge group, spectrum and Lagrangian specified above.
In summary, our analysis encompasses five fundamental mass scales. From low to high energy these are:
The gauge parameters of the theory will be analyzed as follows. First, the experimental values of the SU (3) C , SU (2) L and hypercharge
are inputted. We then choose arbitrary, reasonable values for M SU SY and M Z R -to be discussed later in this paper-and run the gauge couplings to the B-L scale. Above this scale, the Abelian part of the gauge group
Note that one of the Abelian gauge couplings-we'll arbitrarily choose it to be g R (M Z R )-is a free parameter,
is then determined by (15) . Furthermore, to insure the canonical embedding of U (1) 3R
into SO (10), we define
We now run α 3 , α 2 , α R and α BL from M Z R up through M I to the, as yet undetermined, unification scale M U . We now demand that at M U all of these parameters unify to a single SO(10) coupling parameter. That is,
This constraint leads to four separate equations in four unknown parameters-namely,
and α U . Solving these equations, which can be done analytically, leads to explicit values for each of these four quantities-although they are in principle implicit functions of our choices for M SU SY and M Z R . Further investigations shows that, in fact, M U , α U and M I only depend on M SU SY , whereas g R (M Z R ) depends on both M SU SY and M Z R . Having done this, the gauge parameters are known at any energy scale.
Similarly, given the measured fermion masses, one can input the experimental values of the standard model Yukawa couplings at the electroweak scale. In this paper, we will only consider the large Yukawa parameters of the third quark and lepton families-preferring, for simplicity, to ignore all other Yukawa couplings. The third family Yukawa parameters are
These are run upward in energy-momentum until M SU SY , where they satisfy the non-trivial boundary con-
The values for tanβ will be specified below. Using transition (19) with a chosen tanβ, the Yukawa parameters can be calculated at any energy scale from M Z up to the intermediate scale M I -which is all that we require.
The gauge and Yukawa couplings are the only running parameters of the theory for which we give experimental boundary conditions. All other parameters will be determined as follows.
• First, note that the B-L MSSM theory specified earlier is valid at any scale below the intermediate mass M I .
Therefore, we will input all remaining parameters at M I -with the exception of the real coefficients µ and b, which will be discussed later-and solve their RGEs to determine them at any lower energy-momentum. To • Second, we see from (6) that all such parameters are associated with supersymmetry breaking and are dimensionful. Motivated by string theory, we assume that there is a fundamental mass M which sets the scale of supersymmetry breaking in the effective Lagrangian. Be that as it may, the individual massive parameters need not have exactly that value but, rather, would generically be scattered in some interval around it. We arbitrarily denote this interval as [
where f is some real number. In [28] , it is shown that one gets the maximal number of physical successful initial parameters if we choose
For specificity, we do this henceforth. Each massive initial parameter is then randomly scattered to lie somewhere in this interval-the set of 24 such parameters forming a random initial point in parameter space at the scale M I . We repeat this process a very large number of times-thus generating a "cloud" of initial points in parameter space. In this paper, all results will be presented for 10 7 randomly generated initial points.
• In order to specify the boundary condition (19) and, hence, the RG running of the Yukawa parameters, it is necessary to give a value for tanβ. Following [3] , we choose 1.2 ≤ tanβ ≤ 65. Then, for every 24-parameter point in the initial "cloud", we randomly generate a value for tanβ within this range.
• Finally, choosing any point in this "cloud"-along with its assigned value of tanβ-each of the 24 masses is scaled to lower energy-momentum using the associated RGE into which the gauge and Yukawa parameters discussed above are inputted.
Thus, with the exception of µ and b, all running parameters have been specified at every scale from M I down to M Z .
Having now specified the "cloud" of initial points in parameter space at the scale M I , as well as the RG evolved values of all parameters-with the exception of µ and b-we now subject the low energy theory to phenomenological constraints-which we apply sequentially. First, we search the initial parameter space for those subset of points which satisfy equations (8), (10) and, hence, lead to the spontaneous breaking of gauged B-L symmetry at a mass scale above the experimental lower bound. The results are graphically presented in Figure 1 in terms of the two parameters
evaluated at M I , where the traces are over generational indices. S BL and S R arise in the RG analysis and actually satisfy their own independent RGEs. They are a natural way to reduce the number of parameters to be plotted from the initial 24 down to 2. The red points-which also partially underlie a subset of the yellow and green regions but are predominantly obscured by them-represent all initial parameters that do not break B-L symmetry. The yellow points-which also partially underlie the green region but are predominantly obscured by them-encompass the initial parameters that do break B-L symmetry, but for which M Z R lies below the experimental bound (10) . Finally, the green points represent the physically acceptable initial parameters that break B-L gauge symmetry at a scale M Z R greater than this bound. Our analysis finds that these green points correspond to 9.19% percent of the 10 7 initial points in the "cloud". Note that we have adjusted the input value of M Z R so that the defining equation M 2
Simultaneously, the input value for M SU SY is chosen so that defining equation (13) is satisfied. This is how Figure 1 . Now, however, any such points that also break electroweak symmetry are indicated in light purple.
Second, we search for all green points that, in addition, also spontaneously break electroweak symmetry.
These points basically amount to being able to choose µ to satisfy (7), which introduces some fine-tuning; the so-called little hierarchy problem. In addition, it is necessary to choose the parameter b so as to satisfy a second equation, as in the MSSM-see [3] . The results are shown in Figure 2 . The inhabited region of the S BL − S R plane is the space of green points in Figure 1 . Those points, however, that also break electroweak symmetry are indicated in purple. We find that these acceptable purple points correspond to 78.6% of the green points; that is, 7.23% of the 10 7 initial points in the "cloud".
As a third constraint, we demand that all sparticles have physical masses larger than their present experimental bounds. These bounds are all given and discussed in [28] . Here, we just present the most important of them. First, it follows from the results of LEP 2 that the physical masses of all colorless fields that couple to the Z boson and/or the photon-that is, any charged slepton, the left-handed sneutrinos and charginos-must
Second, based on recent CMS and ATLAS studies of the R-parity conserving MSSM at the LHC, we can conservatively estimate that all squark and the gluino physical masses must satisfy [33, 34] mq > 1000 GeV, mg > 1300 GeV.
We now search for all the purple points in Figure 2 that, in addition to breaking B-L and electroweak symmetry, also satisfy (23), (24) and the other particle lower mass bounds. These points are shown in cyan in Figure 3 . Our analysis reveals that these are 38.2% of the purple points and, therefore, 2.77% of the 10 7
initial points in the "cloud".
As a fourth, and final, constraint we search for those cyan points that, in addition to breaking B-L symmetry, electroweak symmetry and satisfying all sparticle lower mass bounds, also give the experimentally measured Higgs mass to within 2σ accuracy. That is,
Such points are shown in black in Figure 3 . Here, the Higgs mass is calculated using the one-loop stop decoupling method-see [35, 36] for examples and details. We find that these black points-each of which satisfy all present experimental constraints-are 21% of the cyan points and, therefore, 0.581% of the 10 7
initial parameters in the "cloud". That is, out of the 10 7 initial points, 58,100 are completely compatible with all physical data. Having determined the phenomenologically acceptable space of initial parameters, one can analyze their detailed low energy predictions-both for each individual point and statistically. This will be done in detail in [28] . Here, we just present some of the more interesting results. We begin with individual points. We choose two sample phenomenologically acceptable points in the cloud. These correspond to two black points in Figure One can also analyze this spectral data statistically, scanning over all phenomenologically acceptable initial points-corresponding to the black points in Figure 3 -and plotting the number of initial points yielding a certain mass for each of the sparticle types. For example, we present the results for all squark scalars in Figure 5 . Noting that these graphs are not correlated, we see that any of these sparticles-with the exception oft 2 ,b 2 which must always be the heavier stop, sbottom by definition-can appear as the LSP for some set of initial points. In Figure 4 (A), for example, we see that a point associated with black point S B−L (M I ) = (9.094) 2 T eV 2 , S R (M I ) = −(11.0) 2 T eV 2 has the lightest stop as its LSP. In general, it is important to know exactly which sparticles can be the LSP and the statistical likelihood that this will be the case. The results of our analysis are presented in Figure 6 .
A final, important, issue is the degree that the µ parameter must be "fine-tuned" in order to ensure that M Z = 91.2 GeV -constraint (9) . A complete analysis of this question will be presented in [28] . Here, we simply state the result. We find that the degree of fine-tuning in the B-L MSSM is, for any phenomenolog-ically acceptable initial parameters, equivalent to-or smaller than-the degree of fine-tuning required in the MSSM model in a similar statistical analysis. In both cases, this fine-tuning runs between ∼ 1 100 to ∼ 1 10,000 .
We conclude that the B-L MSSM is a robust theory of low energy supersymmetric particle physics that, for a large space of input parameters, manages to satisfy present experimental bounds without excessive fine-tuning. The B-L MSSM makes explicit low energy predictions for particle physics phenomena-much of which is potentially observable at the LHC. 
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